Thin strips of the 6063 aluminum alloy and the alloys with increased nominal Fe contents (0.7-6 mass%Fe) were fabricated directly from the molten alloys using a vertical-type high speed twin-roll strip caster equipped with a pair of water-cooled pure copper rolls. The estimated cooling rates from the DAS measurement were about 4500 and 100 C/s at the near the surface region and the mid-thickness region of the strip respectively. Refinement of Al-Fe-Si intermetallic compound particles was also successfully achieved, however, segregated coarse particles were also observed at the mid-thickness region. The cast strips were cold-rolled and heat-treated to form 0.5 mm-thick thin sheets. They were either naturally aged at room temperature (T4) or artificially aged (T6), and then subjected to bending, tensile and hardness tests. No detrimental effect of Fe was appeared concerning the bendability even in the alloy containing 3 mass%Fe. No cracking took place even in the 180 bending (hemming) test. The reduction of age-hardenability was evident for the alloy with 1 mass%Fe and more. The alloy sheet containing 0.7 mass%Fe exhibited not only a good bendability in the T4 condition but also the larger proof stress and UTS than those of the master alloy in the T6 condition. This means that the capacity of Fe impurity in a 6063 alloy (0.35 mass% according to JIS) can be doubled by using the present roll caster. Strip casting at a high cooling rate using the present roll caster is considered to be a promising method for reducing the detrimental effect of impurity iron from the scrap melt.
Introduction
In order to achieve closed product-to-product recycling, it is essential to thoroughly reduce the harmful impurities from scrap melt. However, purification of scrap melt to the original level of the virgin metal and alloy is quite costly and is often accompanied by additional environmental problems and increased energy consumption. Therefore, we must look for another method for fabricating from scrap metal a product of as high a quality as the original.
The use of wrought aluminum alloy for inner and outer skins to reduce body weight and consequently improve fuel efficiency is expected to increase significantly in the next decade. 1) This means that the amount of wrought aluminum alloy scrap is also expected to increase in the near future. However, the demand for aluminum scrap for cast and diecast products in open recycling systems is currently saturated. Therefore, closed recycling of aluminum alloy body sheets should be promoted in order to use these precious natural resources effectively.
The introduction of additional iron (Fe) to the recycled aluminum alloy is of primary concern since increased iron levels are known to reduce formability. 1, 2) The iron combines with other alloying elements to form second-phase particles. They act as void-nucleation sites during deformation. 3) Strip casting is as a method that produces aluminum alloy sheets directly from the melt. However, the practical applications of strip casting have been limited because the quality of cast strips is generally inferior to that of conventional DC cast and hot-rolled strips. However, the recent strong moves towards recycling of wrought aluminum alloy reminded us of the particular advantages of strip casting. The high cooling rate of strip casting is expected to lead to (i) grain refinement, (ii) supersaturation of the relatively insoluble elements, and (iii) fine and homogeneous distribution of secondary particles.
Because of these benefits, fabrication of the alloy strip at a high cooling rate is a promising method for reducing the detrimental effect of iron impurity in the scrap melt. Relevant research has been carried out by Shibue et al. 4) using a horizontal-type twin roll caster. The objective of their research was to increase the Fe content in a 6016 aluminum alloy sheet from the present 0.2 to 0.4 mass%Fe.
In contrast, we have developed a vertical-type twin-roll caster. This caster achieved a cooling speed about 10 times higher than that of the conventional horizontal-type twin-roll caster. 5) In this study, the cast strips of 6063 aluminum alloy and alloys with increasing Fe content were fabricated by the highspeed twin-roll strip caster. The rapidly solidified cast strips were cold-rolled and heat-treated to form thin sheets. Microstructure, hardness, tensile properties and bendability of the resultant sheets were measured and the effectiveness of rapid cooling is discussed.
Experimental Procedures

Alloy preparation
A commercial 6063 aluminum alloy and alloys with increasing Fe content were prepared. The chemical composition of the 6063 alloy ingot is shown in Table 1 . Fe content of the 6063 alloy was less than 0.2 mass%. We will refer to the 6063 alloy as the master alloy from now on.
The alloys with different Fe content (0.7, 1.0, 2.0, 3.0, 4.0, 5.0 and 6.0 mass%) will be referred to as 0.7%Fe alloy, 1%Fe Table 2 . It should be mentioned that the Fe content of the alloys are only nominal values. Figure 1 shows the vertical-type twin-roll caster used in this study. Figure 1(a) is what the roll caster actually looks like. Figure 1(b) is an enlargement of the place where rapid solidification of the melt occurs. The roll caster was equipped with a pair of water-cooled pure copper rolls with a diameter of 300 mm and a face-width of 100 mm. No lubricant was used on the roll surfaces. A casting nozzle consisting of steel plates coated with a heat-insulating material was mounted on the rolls. It should be mentioned that, in the figure, the side walls of the nozzle have been removed in order to show the appearance of the roll gap. One of the rolls can move independently since the roll is not fixed but supported by a series of springs. A cooling slope is located above the rolls.
Roll caster
Casting procedures
The molten alloy (about 2.5 kg for one charge) was poured onto the cooling slope. The melt was partially solidified on the cooling slope. The volume fraction of solid formed at this stage was estimated to be less than 10%. The partially solidified melt flowed down, filled the casting nozzle and then came into contact with the rotating roll surfaces. The peripheral speed of the rotating roll was 60 m/min (1 m/s). The melt rapidly cooled at the roll gap and the solid grew from both roll surfaces. The initial roll gap was 1 mm. However, the solidified alloy forced open the initial roll gap. Therefore, the resultant strip thickness was greater than the initial roll gap (1 mm). Strip thickness varied depending on the alloy composition and the pouring temperature.
Annealing and cold rolling
The resultant cast strip was cut into several pieces and annealed at 540 C for 2 h. The annealed strip was cold-rolled into a 1 mm thick sheet parallel to the longitudinal direction of the cast strip. No surface treatment was performed. The sheet was annealed again at 540 C for 1 h and cold-rolled into a 0.5 mm thick sheet.
Aging treatment, bending, hardness and tensile tests
The cold-rolled sheet was solution-treated at 540 C for 2 h, water-quenched and either naturally aged at room temperature (T4) or artificially aged at 160 C for 6 h (T6). Small rectangular strips (10 mm Â 30 mm) were taken from the sheet both parallel and perpendicular to the rolling direction for the 180 bending tests. Micro-Vickers hardness tests were performed under a load of 100 g for 10 s. Tensile specimens with shoulders (gauge length: 26 mm, gauge width: 10 mm) were machined from the sheet parallel to the rolling direction. Tensile tests were carried out using an Instron-type machine at a constant crosshead speed of 1 mm/min.
Microstructural observations
Optical microscopy was carried out on transverse sections of the cast strip and the cold-rolled sheet. Polished samples for metallography were anodized at 25 V and a current density of 0.2 AÁmm À2 for 90 s in a 2% solution of HF. Secondary dendrite arm spacing (DAS) of the master alloy was measured using an intersection line method. 6 ) SEM observation of the samples was carried out after the bending test.
Results
Macroscopic appearance of the cast strip
A 100 mm wide 2 to 3 m long continuous cast strip was fabricated for all the alloys. The thickness of the strip decreased as the Fe content increased, as shown in Fig. 2 . The thickness of the 6%Fe alloy was about a half that of the master alloy. No large difference in the surface condition of the strip was observed. However, the surface glossiness was slightly reduced for the alloy strips containing more than 1%Fe. The reduction in thickness and glossiness of the alloy strips with higher Fe content is thought to be due to the increased pouring (melting) temperature.
In the high-speed twin-roll caster, the sum of the solid thickness growing from the both roll surfaces determined the strip thickness. As the melt temperature increased, the efficiency of heat extraction from the melt to the copper roll High-Speed Twin-Roll Strip Casting of Al-Mg-Si Alloys with High Iron Contentwas reduced. This may result in a reduced growth rate of the solids before the growing solid-fronts finally meet at the center line of the roll gap to form a strip. Consequently, the thickness of the strip is reduced. Another possible reason for the reduction in thickness is that the addition of Fe may change solidification from a skin-type to a mushy-type solidification. The strip produced from the high temperature melt (high Fe content) looked relatively soft when it came out of the roll gap. This means that the strip was still hot. The tarnished surface condition of the high Fe content alloys is thought to be due to a relatively slow cooling process in air.
3.2 Grain structure of the cast strip Figure 3 shows the anodized microstructure of the transverse cross section of the cast strip for the master alloy (a), 1%Fe (b) and 3%Fe (c). Differences in sheet thickness are clearly shown in Fig. 3 . In spite of the different thicknesses, they exhibited a common microstructural feature. Columnar grains grew from both surfaces and they were replaced gradually by equiaxed grains. At the mid-thickness region, a band of granular grains was observed. Dispersion of small Thickness, t / mm
Fe content, C / mass% granular grains was also observed in the columnar and equiaxed grain regions. It is thought that such granular grains arose from the crystallized -Al dendrites on the cooling slope. For 3%Fe, coarse needle-like intermetallic compound particles were also observed at the mid-thickness region.
3.3 Distribution of the intermetallic compound particles in the cast strip Figure 4 shows the change in as-polished microstructure of the near-surface and mid-thickness regions with an increase in Fe content. Coarse needle-like particles were frequently observed for the alloy with 3% and higher Fe content. They were large both in terms of size and volume fraction at the mid-thickness region. Various kinds of Al-FeSi have been reported for the commercial 6063 alloy. 7) In this study, these particles were confirmed to be Al-Fe-Si base intermetallics by EDX analysis, but no further specific identification was made. Figure 5 shows the anodized microstructure of the transverse cross section of the 0.5 mm thick cold-rolled and T4-treated sheet. Recrystallized grain structure was clearly observed. Grain size reduced significantly with increasing Fe content up to 3 mass%. Dark spots or banded areas in the mid-thickness region corresponded to the segregated coarse Al-Fe-Si intermetallic particles. Figure 6 shows the particles in the mid-thickness region of the sheet. Needle-like particles were reduced and replaced by irregular-shaped blocky particles. Figure 7 shows SEM micrographs of the top-and sideview of the T4-treated sheet after the 180 bending (hemming) test. No cracking occurred in the alloys containing 3% or less Fe. Results for the T6-treated sheet are shown in Fig. 8 . Small cracks were detected for the bent specimen of the master alloy. However, no cracking occurred in alloys containing 0.7, 1, 2 and 3%Fe although they were T6-treated. Figure 9 shows the effect of Fe content on proof stress, UTS, and elongation. Large increases in proof stress and UTS were obtained for the T6-treated master alloy and 0.7%Fe alloy. The proof stress and UTS for the 0.7%Fe alloy were higher than those of the master alloy. In contrast, there was little or no increase in UTS and proof stress for the T6-treated alloys containing 1% or more Fe. Reduced age-hardening is evident for the alloys containing 1% or more Fe. The where DAS is the dendrite arm spacing (mm) and V is the cooling rate ( C/s). The measured DAS values for the master alloy were 3.5 mm at the near-surface region and 14.5 mm at the mid-thickness region. By using the equation, the cooling rates were estimated at about 4500 C/s at the near-surface and about 100 C/s at the mid-thickness region. The estimated cooling rate near the surface was the same as that obtained by the present authors for the twin-roll cast A356 alloy. 9) However, the estimated cooling rate at the midthickness region was lower than that of A356 (500 C/s). This may result from the complicated microstructure in this region. Solidified microstructure at the mid-thickness region is a mixture of equiaxed and granular grains formed on the cooling slope. The DAS of granular grains is coarser than that of equiaxed grains. We need to measure the DAS of the equiaxed grains in order to obtain the local cooling rate. However, it is generally hard to distinguish one from the other in such a bi-modal DAS size distribution. Therefore, the average DAS value tends to be the overestimated one. This may result in an underestimated cooling rate at the midthickness region.
Microstructure of the cold-rolled sheet
Bendability of the T4-and T6-treated sheet
Tensile properties of the T4-and T6-treated sheet
Effects of Fe content and cooling rates on the
formation of Al-Fe-Si base intermetallic compound Mulazimoglu et al. found the Chinese-script-typeAlFeSi and the plate-like and sharp needle-like -AlFeSi particles in the Al-0.58%Mg-0.58%Si alloy containing 0.29%Fe. 10) Tanihara et al. examined the relationship between the kind of Al-Fe-Si intermetallic compound and the cooling rate for the 6063 alloy at various Fe contents using a TEM technique.
7) -AlFeSi is mainly formed when an alloy with low Fe content (0.01 mass%) is solidified at a low cooling rate (0.06 C/s). It was reported that -AlFeSi is replaced by -and 0 -AlFeSi as the cooling rate is increased to 5 C/s. The Chinese-script-type -AlFeSi increases with an increase in Fe content. The main phase in the 0.5%Fe as-cast ingot is the -AlFeSi at a casting cooling rate of 50 C/s. As mentioned in the experimental section, the Fe contents described in this paper are nominal values. Quite large intermetallic compounds were observed even for the nearsurface region of the 3%Fe. Their size and morphology were similar to those of alloys with higher Fe content. The DAS examination revealed that the cooling rate is more than 100 C/s even at the mid-central region of the strip. It is unlikely that these coarse intermetallic particles formed at such high cooling rates. The cooling slope is not considered to be a likely reason for the formation of such particles either. From a morphological viewpoint, these coarse needle-like particles are -AlFeSi. The particles were more than 10 mm long. Particles of this size were reported in the furnace cooled 6063 alloy at a cooling rate of 0.06 C/s by Tanihara et al.
7)
In this study, the pure Fe wire was dissolved slowly into the melt of the master alloy. The melt was held for one hour before pouring. However, referring to the present experimental results, it is thought that the original molten alloys with high Fe contents (more than 2%) were not homogeneous and included these coarse particles.
Effects of Fe on age-hardening of the sheet
As shown in Fig. 9 , a significantly reduced age-hardening effect was observed for alloys with 1% or higher Fe. In order to confirm this supposition, micro-Vickers hardness tests were performed for both the T4-and T6-treated sheets. The results are shown in Fig. 10 . Although a large increase in the hardness was obtained by T6 treatment of the master and 0.7%Fe alloy, only a moderate hardness increase was obtained for alloys with Fe content of 1 or higher mass%.
Age-hardening of the alloy mainly occurs by the precipitation of Mg 2 Si in the matrix. The decreased hardness is thought to be due to the reduction in the quantity of precipitates. When the molten alloy contains a large amount of Fe, Si atoms are used to form the Al-Fe-Si base intermetallic compound during cooling. Consequently, the number of Si atoms remaining in the -aluminum matrix decreases and so the quantity of precipitates also decreases. With the cooling conditions used in this study, 1 mass% of Fe is considered to be enough to trap the Mg atoms and eliminate the hardening effect of artificially aging. 
Effects of Fe on bendability of the sheet
In the automotive industry, hemming is often used to join outer skins to inner panels. The very tight radius of curvature in a hem is an extreme test of the bendability of sheet material, and tearing or cracking of the outer tensile bend surface is common. Under these conditions, the combined role of void damage nucleated from Fe-based constituent particles and shear bands emanating from outer surface undulations is very important. 3) Even the alloy sheet containing 3%Fe could be bent successfully without cracking. Such good bendability of the T4-treated sheet is thought to result from the following:
(1) Intermetallic compound particles which act as initiation sites for cracking are mainly dispersed at the midthickness region in the twin roll cast strip. The cast strip was rolled into a sheet directly without removing the surface. Therefore, the intermetallic particles had little chance of appearing on the sheet surface. (2) Decrease in grain size was observed with an increase in Fe content (see Fig. 6 ). Refined grain structure is generally beneficial to homogeneous deformation. In the present study, even the T6-treated sheets could be bent without cracking, as shown in Fig. 8 . However, Figs. 9 and 10 indicate that the -Al matrix of the alloy with 1% and higher Fe was not actually age-hardened. Therefore, the bending test results for the T6-treated sheet should be treated with caution.
Conclusions
A 6063 aluminum alloy and seven other alloys with increasing Fe content were fabricated in a high-speed twinroll strip caster. The rapidly solidified 1.5-2.7 mm thick cast strips were cold-rolled and heat-treated to form 0.5 mm thick sheets. There appeared to be no detrimental effect of Fe on the bendability, even in the alloy containing 3 mass%Fe. However, a reduction of age-hardenability was evident for the alloy with 1 or higher mass%Fe. The T4-treated alloy sheet containing 0.7 mass%Fe exhibited not only good bendability but also a higher proof stress and UTS than those of the T6-treated master alloy. This means that, although there are many problems left to be solved, the content of Fe impurity in a 6063 alloy can be doubled by using the high-speed twin-roll caster. Strip casting at a high cooling rate using the high-speed twin-roll caster is a promising method for reducing the detrimental effect of iron impurity from the scrap melt.
